Purpose: Tracking the motion of biological tissues represents an important issue in the field of medical ultrasound imaging. However, the longitudinal component of the motion (i.e. perpendicular to the beam axis) remains more challenging to extract due to the rather coarse resolution cell of ultrasound scanners along this direction. The aim of this study is to introduce a real-time beamforming strategy dedicated to acquire tagged images featuring a distinct pattern in the objective to ease the tracking. Methods: Under the conditions of the Fraunhofer approximation, a specific apodization function was applied to the received raw channel data, in real-time during image acquisition, in order to introduce a periodic oscillations pattern along the longitudinal direction of the radio frequency signal. Analytic signals were then extracted from the tagged images, and sub-pixel motion tracking of the intima-media complex was subsequently performed offline, by means of a previously introduced bi-dimensional analytic phasebased estimator. Results: Our framework was applied in vivo on the common carotid artery from 20 young healthy volunteers and 6 elderly patients with high atherosclerosis risk. Cine-loops of tagged images were acquired during three cardiac cycles. Evaluated against reference trajectories manually generated by three experienced analysts, the mean absolute tracking error was 98±84 µm and 55±44 µm in the longitudinal and axial directions, respectively. These errors corresponded to 28±23 % and 13±9 % of the longitudinal and axial amplitude of the assessed motion, respectively. Conclusion: The proposed framework enables tagged ultrasound images of in vivo tissues to be acquired in real-time. Such unconventional beamforming strategy contributes to improve tracking accuracy and could potentially benefit to the interpretation and diagnosis of bio-medical images.
I. INTRODUCTION

A. Clinical context
Cardiovascular diseases represent the leading cause of human mortality and morbidity. [1] Since arterial stiffness is an independent predictor of cardiovascular events, [2] this index is widely investigated to assess cardiovascular risk. Among the principal risk markers that are generally used to directly quantify arterial stiffness are the pulse wave velocity (PWV), the cross-sectional distensibility, and the ankle-arm index. Other surrogate markers, such as the total coronary calcium score, can also be used to indirectly measure arterial stiffness. Furthermore, intima-media thickness (IMT) provides information about the anatomical modifications of the vessel as the wall progressively thickens during the atherosclerosis process. Yet, cardiovascular risk prediction is a particularly challenging task, and the screening potential of all these traditional risk markers remains limited. [3] Therefore, there is a strong clinical need for novel biomarkers to improve cardiovascular risk prediction.
During the last decade, a novel patho-physiological phenomenon was observed in the common carotid artery (CCA) using B-mode ultrasound (US) imaging. [4] Namely, the wall tissues were indeed reported to undergo a cyclic shearing deformation along the direction parallel to the blood flow. More specifically, this shearing corresponds to the distinct and reproducible longitudinal motion of the intima-media complex over the adventitia layer during the cardiac cycle, [5] , [6] as displayed in Figure 1 . This phenomenon, hereafter referred to as "longitudinal kinetics" (LOKI), was demonstrated by several studies to be associated with the presence of cardiovascular risk factors, [7] , [8] , [9] , [10] and to predict 1-year cardiovascular outcome in patients with suspected coronary artery disease. [11] These findings reveal previously unknown mechanisms in the circulatory system, and indicate that LOKI could constitute a novel, reliable and complementary image-based biomarker for cardiovascular risk prediction. 
B. Limitations of the traditional tracking methods
A number of motion estimation techniques have been proposed to track the motion of the intima-media complex during the cardiac cycle and assess LOKI in B-mode US image sequences (cine-loops), based on speckle tracking, [12] echo-tracking, [13] Kalman filtering [14] and finite impulse response filtering. [15] Approaches based on raw radio frequency (RF) data have also been proposed to assess LOKI in the CCA. [16] , [6] However, all these techniques are hindered by an issue inherent to conventional US imaging, namely the rather coarse resolution cell of the scanner along the longitudinal direction (i.e. perpendicular to the beam axis) w.r.t. the axial direction (i.e. parallel to the beam axis). This phenomenon, due to the characteristics of the scanner's point spread function (PSF), yields the so-called aperture problem, i.e. the perceived longitudinal component of the motion is likely to differ from the actual one. Moreover, the longitudinal profile of the tissues is rather homogeneous since the anatomical layers are aligned along the longitudinal axis and do not present any significant landmark (Fig. 1 ). For these reasons, the longitudinal component of the wall motion is particularly challenging to extract in conventional US imaging. Therefore, a different approach is required to tackle the challenge of accurate LOKI assessment.
C. Phase-based motion estimation
Traditional methods usually rely on spatial information to assess the motion in US imaging, namely processing is performed directly on pixel intensity values. Conversely, phase-based approaches consist in processing the information carried by the phase of the images, namely in the frequency domain. Various phase-based motion estimators have indeed been proposed by a large body of literature. An original approach based on the spectral phase using an iterative RF echo phase matching method has been introduced in. [17] A one-dimensional (1D) phase zero-crossing technique was first presented in, [18] and later extended in two dimensions (2D) with the introduction of a synthetic longitudinal phase. [19] A compounding method, based on dual magnitude and phase information, was proposed in. [20] This technique was later applied by the same team to estimate both tissue and flow motion. [21] More recently, monogenic phase has also been exploited in medical US imaging to estimate the motion in 2D [22] , [23] as well as in three dimensions (3D). [24] , [25] Nevertheless, all these phase-based methods are sub-optimal, as they are limited by the phase information that is natively embedded in conventional US images. More specifically, the carrier frequency along the axial direction (i.e. parallel to the beam axis) corresponds to the central frequency of the probe, whereas frequencies along the longitudinal direction (i.e. perpendicular to the beam axis) do not abide to any specific pattern.
To cope with the lack of a carrier frequency along the longitudinal direction, specific image formation techniques have been proposed. Such approaches, also called "beamforming strategies", consist in applying a controlled scheme to the probe directly during image acquisition, in order to introduce a native longitudinal carrier frequency within the RF signal. A seminal framework has been introduced in the late 90's and applied to estimate blood velocity from 2D phase signals. [26] , [27] This technique relies on the production of a pressure field featuring a distinct carrier frequency in both axial and longitudinal directions. This approach is typically achieved using a specific beamforming scheme that consists in the transmission of a plane wave, followed by the reception of backscattered echoes with a dynamic quadratic focusing combined to dynamic apodization. Since the rationale of this framework is to produce a distinct 2D pattern within the images to ease the tracking in US images, it is denoted "US-tagging", in reference to the principle of magnetic resonance imaging tagging (MRI-tagging). A detailed description of this imaging technique is provided later in Section II-A. The terminology "RF-2D images" is used to refer to the specific type of tagged-images (i.e. images that feature oscillations along both spatial directions) that are acquired. The denomination "transverse oscillations" (TOs) is adopted to define the oscillation pattern that is introduced via the beamforming strategy to modulate the RF signal along the direction perpendicular to the beam axis and produce RF-2D images.
A variety of methods based on US-tagging have been proposed to address multiple applications in medical imaging. In the field of blood flow estimation, several studies have presented improved techniques to assess velocity vectors. [28] , [29] , [30] , [31] An implementation on a commercial scanner has also been proposed. [32] Furthermore, US-tagging has been extended to 3D in recent in silico studies, for vector flow estimation [33] and 3D tissue motion. [34] In elastography, the use of US-tagging has been investigated to enhance the estimation of local tissue deformation. [35] , [36] , [37] , [38] As for echocardiography, recent studies have presented an extension of the US-tagging framework to assess the 2D motion of the heart wall [39] , [40] as well as its deformation. [41] Other studies proposed to exploit the monogenic phase of RF-2D images, [42] , [43] and to adapt TOs beamforming to sector scans performed using a phased array [44] as well as a convex array. [45] The application of US-tagging to assess LOKI in the CCA has also been investigated by our team in a preliminary one-case study, [46] as well as in combination with ultra-fast imaging. [47] Accordingly, the introduction of TOs within the images is likely to constitute a major asset to improve the estimation of the longitudinal component of the wall motion.
D. Objective and summary of the proposed approach
The aim of the present study is twofold. First, the implementation of an unconventional beamforming strategy on a US research scanner is introduced. This strategy is dedicated to acquire native RF-2D images (i.e. RF images featuring TOs) in real-time (i.e. post-processing reconstruction of the signals is not required). Second, a motion tracking scheme relying on local phase-based optical flow (LPBOF) is described. This method, previously validated in an in vitro phantom pilot study, [46] is devised to extract the trajectory of a single point through the entire length of the cine-loop, via the successive assessment of the motion between pairs of consecutive RF-2D images. The rationale of this two-steps framework lies in the generation and tracking of a specific longitudinal pattern, in the objective to assess more accurately the longitudinal component of the wall motion. Extending preliminary work realized by our team [46] , [34] , [47] , the main novelties of the present sudy are: i) real-time implementation on a scanner for acquisition of actual US-tagged images (as opposed to numerical simulations); ii) design of a well suited approximation of the apodization function (described in Section II-B1); iii) simultaneous acquisition of a matched series of B-mode images to generate a reference motion via manual tracings from three expert analysts (described in Section II-B2); and iv) in vivo application and validation on 20 young healthy volunteers as well as 6 elderly patients, in order to determine whether US-tagging may improve LOKI evaluation.
II. MATERIAL AND METHODS
A. RF-2D image acquisition via unconventional beamforming strategy US images are fully characterized by the impulse response of the system, corresponding to the PSF, namely the echo received when imaging a single scatterer. Therefore, a TOs-featuring PSF yields the generation of RF-2D images. Such a specific PSF, with periodic oscillations in both spatial directions, is typically modeled by a separable 2D function h(x, y), [48] according to:
with x and y the longitudinal and axial directions of the image, respectively, λ x and λ y the spatial wavelengths corresponding to the oscillations in both spatial directions, and ω(x, y) a separable 2D Gaussian envelope.
One should notice that in conventional RF images, axial oscillations are natively featured by the PSF, and correspond to the central frequency f y of the transducer, according to the relation λ y = c·f y −1 , with c the velocity of the wave propagation in the considered medium. On the other hand, a specific beamforming is required to produce oscillations along the longitudinal profile. In this aim, we propose to control the PSF with a previously developed beamforming strategy. [35] , [49] This strategy, involving a transmission phase (TX) followed by a reception phase (RX), can be summarized as follows. The TX phase consists in emitting a broad plane wave, which is supposed to have little influence on the PSF. The RX phase consists in applying a specific aperture function (i.e. dynamic quadratic focusing and apodization) onto the received signal, in order to fulfill the condition of Fraunhofer approximation. [50] The latter states that the beam pattern obtained from a given aperture function can be approximated by the Fourier transform of this aperture function, scaled relatively to the distance from the aperture.
We use this relation to determine, given the characteristics of the desired TOs-featuring PSF, the specific aperture function that requires to be implemented in the RX phase. Using the separable 2D function given by Equation 1, the longitudinal profile h(x) of the PSF corresponds to ( Fig. 2a) :
with σ x the full width at half-maximum (FWHM) of the Gaussian envelope ω(x). Therefore, by exploiting the Fraunhofer approximation, the corresponding aperture function w(x i ) applied in RX to the i th element x i of the transducer can be formulated as ( Fig. 2b) :
which corresponds to two Gaussian peaks of FWHM σ 0 , and centered around the abscissas x 0 and −x 0 , respectively. The relation between the parameters (x 0 , σ 0 ) and (λ x , σ x ) at depth y is determined by:
and
B. Implementation The implementation of the proposed unconventional beamforming strategy, devised to generate native RF-2D images in real-time, is realized on a research scanner (Ultrasound Advanced Open Platform, ULA-OP [51] ), equipped with a linear array transducer composed of 128 elements.
1) Pseudo-dynamic focusing: According to the previously described dynamic focusing scheme, the gap in between the two Gaussian peaks is equal to 2x 0 and is proportional to the depth y (Eq. 4). However, such an inverted "V" shape can not be configured in the ULA-OP platform. Therefore, in order to match the conditions of the Fraunhofer approximation, the following scheme was adopted to implement the beamforming strategy on the scanner. Prior to the acquisition of a cine-loop for each subject, a first scan is performed in the only purpose to determine the depth y 0 corresponding to the rough location of the intima-media complex of the CCA far wall. Then, the constant value y 0 is used to configure the aperture function (Eq. 4 and 5). The hypothesis that the aperture function can be approximated with a constant depth y 0 (i.e. with a "| |" shape) holds under the assumption that the assessed region of interest (ROI) remains at a pseudo-constant depth during the cine-loop. A previous study demonstrated that the average amplitude of the far wall motion along the axial direction in healthy subjects was 388 ± 198 µm. [14] Since the far wall is usually located at a depth y 0 corresponding roughly to 20 mm, such approximation has very little influence on the resulting spatial wavelength λ x (Eq. 4) and envelope σ x (Eq. 5).
2) Interleaving: In the scope of the present study, unconventional RF-2D as well as conventional RF images are simultaneously acquired, by means of a so-called interleaving scheme. The purpose of this interleaving scheme is to generate a B-mode cine-loop from the RF signal subsequently to its acquisition, in order to enable human analysts to build a manual reference trajectory from a traditional clinical imaging modality. B-mode images provide visually understandable information about the imaged tissues, and are typically generated via the application of a time gain compensation, a filtering, and an interpolation scheme onto the envelope of RF images. Interleaving consists in automatically alternating the configuration of the scanner, after each single image is acquired, between the unconventional (i.e. RF-2D) and conventional (i.e. RF) settings. After the entire cine-loop has been acquired and stored, the two distinct RF-2D and RF cine-loops are obtained by de-interleaving the stack of frames. Under the hypothesis that the frame rate is high enough w.r.t. the velocity of the tissues, it can be considered that both RF-2D and RF modalities represent the same information, namely a quasi-identical region of the tissues is described by corresponding n th frames in both cine-loops. Finally, B-mode data was generated from the acquired RF data, by applying the Ultrasonix Amplio SDK (processing tool provided by Analogic Ultrasound, Boston, Massachusetts, USA), which consists of RF-to-B conversion followed by speckle reduction.
3) Frame rate increase: Since images are acquired via the previously described interleaving scheme, the actual frame rate of both RF-2D as well as RF cine-loops is lowered by a factor two. In the aim to compensate for this effect and maintain a sufficiently high frame rate, only the first half of the transducer is activated (i.e. 64 elements out of 128), while the second half is disabled in both TX and RX phases. This strategy enables the images to be acquired twice as fast, but also implies that the width of the imaged region is reduced by half. Nevertheless, this trade-off is in good accordance with the aim of the present study, which is to assess the motion of a local region of the wall.
C. Local phase-based optical flow (LPBOF)
Subsequently to the acquisition and storage of the RF-2D images, motion tracking is performed offline by means of the previously introduced LPBOF estimator. [52] , [53] This approach aims at performing sub-pixel motion estimation by exploiting the phase information of the images. Briefly, the approach can be summarized as follows. Assume two ROIs I t and I t+1 , from two consecutive RF-2D images of spatial frequencies (f x , f y ) in a cine-loop. The aim is to estimate the 2D spatial displacement (d x ,d y ), corresponding to the local optical flow from I t to I t+1 . First, two single-quadrant 2D analytic complex signals are extracted from the 2D Fourier spectrum of each ROI. Then, by calculating the phase of these analytic signals, and denoting φ 1 and φ 2 the mean differences between the corresponding phase signals of both ROIs, the spatial displacement (d x ,d y ) is finally calculated as:
It is noteworthy that the spatial motion of the tissues is assessed without processing the spatial information (i.e. the pixel intensity) of the images. Instead, motion estimation is performed by the LPBOF estimator in the Fourier domain, by processing the phase information of the corresponding analytic signals.
D. Initialization
Motion tracking is performed in a semi-automated fashion by the LPBOF estimator. First, the user is required to select (one mouse click) a point in the first frame of the cine-loop, centered on the ROI to be tracked. Then, the motion of this point is automatically assessed through the entire cine-loop.
E. Collection of in vivo CCA cine-loops
Twenty-two young healthy volunteers (mean age 31 ± 6 y.o., 14 males) as well as 6 elderly patients with high atherosclerosis risk (mean age 55 ± 17 y.o., 6 females) were involved in the study. Five out of the 6 at-risk patients were diabetic. The only non-diabetic patient was 83 y.o. Informed written consent was obtained from all participants. The study was conducted in compliance with the requirements of our institutional review board and the ethics committee. US image acquisition was performed by the same medical doctor, on both left and right CCAs, with a ULA-OP research scanner. [51] Subjects were scanned in the supine position, and performed a breath hold during the acquisition to avoid the influence of the movement due to breathing. The absence of atheromatous plaques in the imaged region was confirmed by a systematic visual inspection. Both RF-2D as well as conventional RF cine-loops were simultaneously acquired by means of interleaving, as described in Section II-B2. Images were recorded for a duration corresponding roughly to three consecutive cardiac cycles. The cine-loops were stored digitally and transferred to a commercial computer for off-line image analysis. For all participants, the cine-loop whose image quality was optimal among the left or right CCA was selected to be analyzed and the other one was discarded. Two healthy subjects were rejected from the study prior to image analysis due to poor image quality, namely the intima-media complex of the far wall could not be clearly perceived on neither left nor right CCA. No patient was rejected from the study. The left CCA was selected to be analyzed in 3 participants among the 20 healthy volunteers, and in 4 participants among the 6 at-risk patients.
F. Method evaluation 1) Trajectory reference: The tracking accuracy of the present method was evaluated for each assessed cine-loop. All analyses were conducted on the far wall of the CCA, to take advantage of a better echogenicity. [54] To quantify the performance of the tracking method despite the absence of ground truth inherent to in vivo imaging, reference trajectories were performed by three experienced analysts A 1 , A 2 and A 3 . Analysts were specialists in US vascular imaging and processing, with 3, 6, and 12 years of experience, respectively. The evaluation protocol, initially proposed in, [14] can be summarized as follows. First, a single salient point, located within the intima-media complex of the far wall, was selected by the analyst A 1 in the first frame of each cine-loop, as previously mentioned in Section II-D. This initial selection was performed in the B-mode image representation. To allow each analyst to identify the same target in all remaining frames of the cine-loop, the selected point had to correspond to a well distinguishable echo scatterer, and had to remain visible all along the cine-loop (Fig.3) . [13] , [14] Second, all analysts A 1 , A 2 and A 3 performed, independently from each others, the manual tracking of the set of initial points, during the complete duration of each cine-loop. These tracking operations were also performed in the B-mode image representation. A reference trajectory was subsequently generated by averaging, for each cine-loop, the three corresponding manual tracings. Intra-analyst variability was also assessed by the analyst A 2 performing twice, for each cine-loop, the manual tracking operation. Third, the LPBOF method was applied onto the same set of initial initial points in the RF-2D image representation. The resulting trajectories obtained with the LPBOF estimator on RF-2D images were then evaluated against the reference tracings obtained manually on B-mode images.
2) Comparison with traditional speckle tracking: Aiming to assess the benefits of US-tagging for motion tracking, a traditional speckle tracking method, [55] also referred to as block matching, was implemented for comparison. Conversely to the LPBOF estimator presented in this study, which is based on phase image information, the speckle tracking method is based on spatial image information, namely the gray level of the pixels. Therefore, the speckle tracking method was applied on conventional US images, rather than on unconventional RF-2D images whose specificity is to provide a 2D frequency carrier for phase-based methods. Although B-mode images were reconstructed from conventional RF signals in the objective to allow human observers to perform the manual tracking of the tissues, as previously detailed in Sections II-B2 and II-F1, the quality of such in-house B-mode images remains sub-optimal w.r.t. common standards provided by commercial clinical scanners. Therefore, the speckle tracking method was applied to the envelope of the conventional RF images rather than to the B-mode images. Tracking was performed onto the same set of initial points followed by the three analysts. The similarity criterion used in this implementation was the normalized sum of squared differences. The resulting trajectories obtained with speckle-tracking on the envelope of RF images were then evaluated against the reference tracings obtained manually on B-mode images.
G. Parameters settings
The present framework was applied with the following parameters settings. The central frequency f y of the probe was 4 MHz, the sampling frequency was 50 MHz, the dynamic range was 65 dB. The penetration depth was 28.5 mm and the width of the imaged region was 15.7 mm. The longitudinal and axial dimensions of the RF-2D and RF images were 64 × 1500 px, with a pixel size of 245 × 19 µm 2 . The longitudinal and axial dimensions of the B-mode images were 434 × 721 px, with a pixel size of 36 × 39 µm 2 . Images were recorded for a duration of 3.28 s at the frame rate of 183 fps, yielding two de-interleaved cine-loops (i.e. RF-2D and RF images) whose actual frame rate was 91 fps and whose total number of frames was 300. The frame-rate of the B-mode images, reconstructed from the RF images, also corresponded to 91 fps.
Aiming to generate RF-2D images whose longitudinal wavelength λ x corresponds to 1.20 mm and whose envelope FWHM σ x corresponds to 2.90 mm, the two Gaussian peaks of the aperture function were defined by the FWHM σ 0 equal to 0.98 mm (Eq. 4) and the abscissa x 0 equal to 2.45 mm (Eq. 5). Motion tracking with the LPBOF estimator was performed with a ROI size of 2.45 × 0.30 mm 2 (i.e. encompassing 2 wavelengths of oscillations in both longitudinal and axial directions). The traditional speckle tracking method was applied with the following empirically determined parameters settings: block size of 1.47 × 0.23 mm 2 , search-window size of 1.72 × 0.34 mm 2 .
H. Statistical analysis
The Mann-Whitney U test was used to compare the tracking errors between LPBOF and traditional speckle tracking, as well as the values of LOKI amplitude ∆X between healthy volunteers and elderly patients. The value p < 0.05 was considered to indicate a statistically significant difference. Statistical analysis was performed using MATLAB (MATLAB 7.14, The MathWorks Inc., Natick, MA, USA, 2011).
III. RESULTS
RF-2D cine-loops of the CCA were acquired by means of the previously described US-tagging beamforming strategy. Resulting examples of in vivo RF-2D images, featuring oscillations in both axial and longitudinal profiles, are depicted in Figure 3 . Along the axial profile, the spatial wavelength of the oscillations, determined by the central frequency f y of the transducer, corresponded to 152 µm. Along the longitudinal profile, the spatial wavelength of the oscillations, determined by the aperture function (Fig. 2, Eq. 4, 5 ), corresponded to 1470 µm. A clear difference can be observed between the RF and RF-2D images displayed in Figure 3 : RF images are characterized by a horizontally-striped pattern, caused by the reflection of the beam with the intima and media layers, whereas RF-2D images are characterized by a checkerboard-like pattern, caused by interference between axial and transverse oscillations.
As previously described, the motion of the intima-media complex was assessed on a single local salient point for each subject. Tracking was performed in RF-2D cine-loops by the LPBOF estimator, as well as in B-mode cine-loops by the analysts A 1 , A 2 and A 3 . A comparison with a traditional speckle tracking method was also realized, by tracking the same set of points in the envelope of RF cine-loops. The tracking error was defined as the absolute difference between the estimated coordinates of the tracked point and the corresponding reference, in each individual frame, for both axial and longitudinal directions. The average absolute tracking error of both semi-automated tracking methods w.r.t. the reference trajectory for each analyzed subject is indicated in Table I , alongside the inter-and intra-analysts variability. The difference between the mean absolute tracking errors of LPBOF and traditional speckle tracking was statistically significant in the longitudinal direction (p = 9 × 10 -7 ), but not in the axial direction (p = 0.3275). The trajectories estimated with the present method were close to the corresponding reference, as depicted in Figure 4 . . A zoomed view corresponding to this ROI is detailed, for different image modalities, in the second (B-mode, smooth blobby texture), third (RF, horizontal stripes), and fourth (RF-2D, chevron pattern) rows. In the B-mode zoomed ROI, the well distinguishable echo scatterer used by the analysts for manual tracking is indicated by the asterisk. In the RF and RF-2D zoomed ROIs, axial and longitudinal intensity profiles are depicted right to and above the images, respectively, and correspond to the location of the vertical and horizontal dashed lines, respectively. Along the axial profile, oscillations corresponding to the central frequency of the probe are present for both RF and RF-2D modalities. However, along the longitudinal profile, RF images do not abide to any specific pattern, whereas RF-2D images present a distinct periodic oscillations pattern. Let us recall that the spatial definition (i.e. pixel size) is not constant between the different image modalities, namely 36 × 39 µm 2 for B-mode, and 245 × 19 µm 2 for RF and RF-2D. Therefore, the ROI size also differs, namely 231 × 15 pixels vs 34 × 30 pixels. Figure 4 . Representative examples of the periodic tissues motion over several cardiac cycles, evaluated in 9 healthy volunteers (a-i) and 3 at-risk patients (j-l), in both longitudinal and axial directions. The red line, black line, and gray area represent the result of the semi-automatic LPBOF tracking method, the reference trajectory calculated as the averaged tracings performed manually by 3 analysts, and the standard deviation of the 3 manual tracings, respectively. The cardiovascular status, carotid side, gender and age is indicated for each subject. Schematic representation the motion amplitude ∆X and ∆Y is displayed in (a).
When analyzing these errors, it is also insightful to compare them with the actual amplitude of the tissues motion. We define ∆X and ∆Y as the peak-to-peak motion amplitude derived from the longitudinal and axial trajectories, respectively (Fig.4a) . For all the 26 assessed participants, the mean values of the longitudinal and axial motion amplitude corresponded to 444 ± 210 µm and 470 ± 173 µm, respectively. More specifically, the mean longitudinal and axial motion amplitude were 486±211 µm and 528±129 µm for the 20 healthy volunteers, and 302 ± 147 µm and 278 ± 171 µm for the 6 elderly patients, respectively. Calculating the ratios between the absolute tracking errors of each cine-loop and the corresponding longitudinal and axial amplitudes, the mean longitudinal and axial relative error values were 28 ± 23 % of ∆X and 13 ± 9 % of ∆Y for all the assessed participants, 23 ± 11 % of ∆X and 11 ± 4 % of ∆Y for the healthy volunteers, and 47 ± 41 % of ∆X and 21 ± 15 % of ∆Y for the elderly patients, respectively.
LOKI amplitude ∆X was reduced in elderly patients (∆X = 486 ± 211 µm) w.r.t. healthy volunteers (∆X = 302 ± 147 µm), as displayed in Figure 5 . This is in accordance with previous studies. [7] , [8] , [9] , [10] , [11] However, the difference between the two populations was not statistically significant (p = 0.0828). Let us note that the axial amplitude ∆Y of the far wall itself is not relevant as it does not represent the cross-sectional diameter change. Therefore, no statistical comparison of this parameter between the two populations was conducted. IV. DISCUSSION AND CONCLUSIONS A framework dedicated to assess tissue motion in tagged US images was introduced. The two main contributions of the present study are i) the implementation of an unconventional beamforming strategy on a US scanner, devised to acquire native RF-2D images in real-time, and ii) the in vivo application of US-tagging to track the CCA wall motion during consecutive cardiac cycles, by means of a specific phase-based estimator. Twenty young healthy volunteers as well as 6 elderly patients were involved in this study. Results demonstrate that this framework is well suited to evaluate LOKI (i.e. the cyclic shearing motion of the intima-media complex over the tunica adventitia along the direction parallel to the blood flow), which represents a clinically relevant yet challenging to assess pathophysiological parameter. [14] The evaluation of the proposed tracking framework was conducted in vivo onto 20 healthy volunteers and 6 at-risk patients, against reference trajectories manually generated by three experts analysts. In this purpose, RF signals were simultaneously acquired alongside RF-2D signals by means of an interleaving scheme, and used to reconstruct B-mode cine-loops, i.e. images that are visually understandable and where motion can reliably be tracked by human analysts. A performance comparison was also realized with a traditional speckle tracking method on the envelope of the RF cine-loops. When analyzing the results, the tracking accuracy of the LPBOF estimator was nearly three times higher than the accuracy of the speckle tracking method along the longitudinal direction, whereas the accuracy of both approaches was similar along the axial direction (Table I ). This demonstrates that the introduction of TOs in the images contributes to improve the estimation of the longitudinal component of the motion. The rather large standard standard deviation of the average absolute tracking errors testifies of the presence of challenging cases in our dataset. In the present study, the tracking error realized by the LPBOF method along the longitudinal direction was roughly twice larger than the error along the axial direction (Table I ). This phenomenon was also observed for the inter-and intra-variability of the manual tracings. This is in accordance with the results of previously introduced tracking methods, which also demonstrated a greater inaccuracy along the longitudinal direction. [14] When comparing the tracking performance of the present framework, for both longitudinal and axial directions, results demonstrated that the mean absolute errors were similar between healthy volunteers and at-risk patients, as presented in Table I . However, since the motion amplitude was reduced in at-risk participants (∆X = 302 ± 147 µm and ∆Y = 278 ± 171 µm) w.r.t. healthy controls (∆X = 486 ± 211 µm and ∆Y = 528 ± 129 µm), the tracking errors relative to the motion amplitude were larger in at-risk participants compared to healthy controls. Indeed, the mean relative errors were approximately twice higher in elderly patients (47 ± 41 % of ∆X and 21 ± 15 % of ∆Y) w.r.t. healthy volunteers (23 ± 11 % of ∆X and 11±4 % of ∆Y). These results suggest that the overall performances of the present framework decrease when the total motion amplitude becomes smaller. A similar trend has been reported in previous work using conventional B-mode. [14] The quality of the in-house reconstructed B-mode images was sufficient for the three analysts to manually track the wall motion during the cardiac cycle. However, such quality remained sub-optimal w.r.t. common standards provided by commercial clinical scanners. For this reason, semi-automated state-of-theart tracking methods were not applied to the B-mode cine-loops for further performance comparison with the present framework, as it is likely that the results would have been negatively biased. Nevertheless, six different state-of-the-art tracking methods have previously been evaluated in a dataset of 81 B-mode cineloops of the CCA routinely acquired with a clinical scanner (Antares, Siemens, Erlangen, Germany). [14] Although the pertinence of such comparison is limited by the fact that the set of analyzed subjects was different, the present framework would rank, among all these methods, second for the estimation of the longitudinal trajectory, and third for the estimation of the axial trajectory.
Particular care must be taken when designing the probe aperture function (Fig. 2) . First, the FWHM σ 0 of the two Gaussian peaks determines the number of activated elements in the RX phase, but also impacts on the FWHM σ x of the signal envelope within the tissues (Eq. 5). Thus, a large σ 0 value would enable the image to be acquired with more energy, but would also result in a small σ x value and yield a narrow signal envelope that would not encompass the wavelength λ x of the oscillations. Conversely, a broad signal envelope σ x would permit the TOs to be visualized over several wavelengths, but would require a small σ 0 value, and the transmitted energy would thus potentially be insufficient to image the tissues. Second, the parameter x 0 defines the gap between the two Gaussian peaks, and also determines the spatial wavelength λ x of the TOs (Eq. 4). A small x 0 value would result in a large wavelength λ x . This would be likely to decrease the tracking accuracy, since a larger encompassing ROI would be required to extract the phase information and estimate the motion. Conversely, a large x 0 value would yield a small wavelength λ x . In this case, tracking accuracy would also be compromised, as the oscillations would not be perceptible if their wavelength is inferior to two pixels. Additionally, small as well as large values of x 0 would also both necessitate σ 0 to be small, in order to represent an aperture function consisting of two Gaussian peaks, each fully represented by half of the elements of the probe. In the present implementation of the unconventional aperture function, the value of each parameter was determined to optimize the image acquisition, as detailed in Section II-G.
The clinical motivation of the present work lies in the detection of very early-stage atherosclerosis. Indeed, as the syndrome follows a complex evolution with an important proportion of events occurring without premonitory signs, [56] early risk prediction in asymptomatic populations (i.e. prior to plaque formation) towards an appropriate prevention strategy represents a major public health issue. [57] , [58] , [59] Yet, the screening potential of traditional risk markers (e.g. PWV, IMT) remains limited, as they demonstrate a fair or poor overall strength of evidence and lack applicability. [3] , [60] , [61] However, in recent studies, compelling evidence showed that LOKI constitutes a solid candidate to become a valuable image-based biomarker for cardiovascular disease, as it is associated with the presence of cardiovascular risk factors [7] , [8] , [9] , [10] and with the occurrence of clinical events. [11] Moreover, LOKI-induced forces are likely to be associated with wall shear strain, which is a key factor in the development of atherosclerosis and plays a crucial role in vasa vasorum circulation as well as endothelial function. [62] , [63] These findings strongly suggest that LOKI-screening may improve cardiovascular risk stratification in patients with subclinical atherosclerosis.
In this study, healthy volunteers and elderly patients at high atherosclerosis risk were involved. Results showed that LOKI amplitude ∆X was reduced in at-risk patients w.r.t. healthy volunteers (∆X = 486 ± 211 µm vs ∆X = 302 ± 147 µm, p = 0.0828), which is in accordance with previous work, [7] , [8] , [9] , [10] , [11] and putatively suggest that the arterial wall of at-risk patients is stiffer. Five out of the 6 elderly patients were diabetic. However, since the two populations were not age-matched, the influence of diabetes per se could not be assessed. Let us also note that, when comparing ∆X between the two populations, no statistical difference was found. To address these two points, future investigations will be conducted, involving larger populations of age-matched participants.
A limitation of the present framework consists in its application to a rather narrow and heterogeneous region, namely the intima-media complex of the arterial wall (Fig. 1) . The successive impedance transitions between the lumen-intima and media-adventitia indeed contribute to generate a pressure field that could potentially influence TOs formation. Accordingly, further studies will investigate this effect, by involving patients whose IMT is thicker, as well as patients with heterogeneous atherosclerotic plaques. Future perspectives also include the combination of US-tagging with ultra-fast imaging (i.e. up to 10 000 fps) to assess the progressive attenuation of the LOKI-inducing forces within the tissues from the heart to the head. [64] In conclusion, an unconventional beamforming scheme dedicated to acquire tagged US images in realtime was introduced. The rationale of such approach is to improve the estimation of the longitudinal component of the motion by embedding a distinct pattern along the longitudinal profile of the image. The present framework was applied in vivo to acquire RF-2D cine-loops of the common carotid artery in healthy volunteers and at-risk patients. Tracking performances demonstrate that US-tagging represents a promising technique to improve motion tracking in clinical applications.
